The tight-binding I12-X86 lac repressor binds to non-operator DNA in a sequence-specific fashion. Using the DNA of the E. coli I gene we have investigated these sequence-specific interactions and compared them to the operator binding of wildtype repressor. The specific, non-operator DNA interactions are sensitive to the inducer IPTG. One strong binding site in the I gene DNA was found to be one of two expected on the basis of their homology with the lac operator. The binding of I12-X86 repressor to this site was visualized using the footprinting technique, and found to be consistent with an operator-like binding configuration. The protection pattern extends into an adjacent sequence suggesting that two repressor tetramers are bound in tandem.
INTRODUCTION
The highly specific binding of the E. coli lac repressor to the operator has been extensively studied by both biochemical and genetic methods (1) (2) (3) (4) (5) (6) . The discovery of altered repressor molecules with increased affinity for DNA (8, 13) together with the development of the footprinting method (7) , to define protein binding sites on DNA, makes it possible now to extend the study of repressor-DNA interactions to a very large range of DNA sequences.
Previous studies have defined missense mutations in the I gene of E. coli that result in the synthesis ofa repressorwith a highly increased affinity for operator and non-operator DNA, as compared to wildtype repressor. The X86 mutation results in the replacement of the amino acid serine 61 in the repressor polypeptide chain by leucine (9, 12) , and the I12 mutation changes proline 3 to tyrosine (13) . Both altered repressors exhibit a 50 to 100-fold increase in affinity for the operator, and a concomitant increase in affinity for non-operator DNA (10, 11, 13) . The repressor synthesized by a strain carrying the double mutation I12-X86 (I12-X86 repressor) shows an increase in operator affinity of about 10 4-fold. Its IPTG (isopropyl-S, D-thiogalactosid) binding affinity and aggregation properties, however, are unaltered by these amino acid substitutions (13) .
Two properties of the I12-X86 repressor make its interaction with non-operator DNA a useful model system. First, the DNA binding seems to be specific for certain sequences and is sensitive to the inducer IPTG. Thus, the binding is similar to the interaction of wildtype repressor with the operator. Since the I12-X86 repressor can bind to specific sites on non-operator DNA, to what extent do these sites resemble the lac operator ? Two operatorlike sequences have been reported which bind repressor specifically (3, 14, 15) , and do resemble the operator: one in the Z gene and one just following the I gene. In an arbitrary sample of DNA sequences we might expect then that those sequences that best "resemble" the operator itself would have the highest affinity for the repressor. The extent to which this reasonable, but not compelling, expectation is true is what we wish to determine. The degree of resemblance to the operator of non-operator binding sites will help to elucidate the basis for the sequence-recognition capacity of the lac repressor.
MATERIALS AND METHODS
Desoxyribonuclease I (DNase I) was purchased from Worthington Biochemical Corp., the restriction enzymes HpaII and MboII from New England BioLabs and [14 figure 1 ). The fragments were end-labelled as described in reference 21 and used for nitrocellulose filter-binding assays according to Riggs et al (22, 23) . The binding buffer contained 10 mM Tris-HCl (pH 7.4), 10 mM Mg-acetate, 0.1 mM EDTA, 0.1 mM DTT and 10 mM KC1, unless otherwise indicated. The reaction volume was 0.35 ml.
Repressor
The I12-X86 repressor was purified as described in reference 13 and was greater than 85% pure as judged by SDS gel electrophoresis (24 fig. 1 ). The 935 fragment was endlabelled on the 5' ends with 32P using polynucleotide kinase (21) , and then cleaved with HpaII. The radioactively labelled 78 fragment isolated from this reaction mixture carries the label on the lower strand ( fig. 1 ). End-labelling the isolated 78 fragment, followed by cleavage with MboII yields a 62 nucleotide fragment labelled on the upper strand, as shown in figure 1. These two fragments, labelled on opposite strands, were used in the sequencing and footprinting reactions, to permit the protection pattern to be seen on both strands. The footprinting reactions were carried out as described in reference 7. The resolution of the fragments on denaturating polyacrylamide gels was done in parallel with fragments cleaved chemically in standard sequencing reactions to allow the assignment of the DNaseI cleavage sites*.
Computer Analysis
The searches for certain sequence homologies in the I gene were carried out using a set of interactive programs written in BASIC for the HP-9845 computer. The I gene sequence was taken from reference 18, entered into the computer and checked visually for accuracy three independent times. As a further check the sequence was then translated and compared with the repressor amino-acid sequence.
RESULTS

Operator Homologies in the I Gene
From previous studies of the lac repressor-operator system in E. coli it seems likely that a major fraction of the sequence-specific interactions take place within the central 13 nucleotides of *In reference 28 we incorrectly stated that the 3'-phosphate group present on the ends of the chemically cleaved fragments and not on the DNaseI-cleaved fragments causes a decrease in the relative electrophoretic mobility of the fragment. In fact, the mobility is increased by this added, negatively charged phosphate gioup (35) . the operator, extending 6 nucleotides to either side of the center of symmetry (6, 15, 25) . This segment includes all of the known sites of operator constitutive (Oc) mutations (3, 26 cated (there are none in the I gene promoter). Of partkcular interest are the sequences numbered 3 and 4, which match the operator at 9 out of 13 positions, and include matches in 6 out of 8 c positions in the gene. These sequences fall, quite conveniently, on two small restriction fragments of about the same size: 78 and 67 nucleotides long. We focussed special attention in this study on these two sites.
Since there are weak interaction sites for repressor outside of the central 13 nucleotides (4, 5) , whose presence in a potential binding site could compensate for the absence of extensive homology within, we also scanned for homologies to the central 21 nucleotides of the operator sequence. The largest homology to this sequence is 11 out of the 21 positions. This occurs at 7 sites in the I gene. Three of these 7 are also represented in the homologous sequences of table I : they are numbered 5, 6 and 10. It is possible, on the other hand, that fewer selected nucleotides are required to specify a binding site of a reasonable strength.
With this mind we looked for homologies to the 0c positions in the operator, that is, to the sequence 5'-GNGAGCGNNTNNC-3'. There are 10 sites in the I gene that match this sequence in 6 out of the 8 specified positions and no more extensive matches. Of this set only 3 are represented in table I : numbers 3, 4 and 11. A similar analysis shows that for the central 9 positions of the operator there are only two that match in 8 positions, one in 7 positions and 24 in 6 positions. The two 8 out of 9 matches are numbered 3 and 9 in table I, the 7 out of 9 is numbered 2. As shown in a later section, the I12-X86 repressor binds with high affinity to DNA sequence number 3 in table I, while under the same conditions it binds very poorly to sequence number 4.
In an attempt to define the sequence properties responsible for the affinity of sequence 3 for the repressor, we scanned for homology to sequence 3 in the rest of the I gene DNA. There is a sequence within the 108 nucleotide fragment (see fig. 1 ) that matches sequence number 3 in 9 of its 13 positions, but matches operator in only 4 positions. This sequence binds repressor poorly (see next section).
Filter Binding Experiments
Most of the I gene is contained within the 935 nucleotide HindII/III fragment, as shown in figure 1 . To compare the repressor affinity for fragments containing the various candidate sequences, we measured the retention of the Hpa II fragments of the 935 fragment on nitrocellulose filters by the I12-X86 repressor. Figure 2 shows the results of such an experiment, carried out at high salt concentration (80 mM KC1), where the effect of increasing repressor concentration is demonstrated. Repressor-bound fragments containing high affinity sites are identified by their gradual disappearance from the filter runthrough since the repressor preferentially retains these fragments on the filter. The autoradiograph in figure 2A , and especially the scans in figure 2B , indeed demonstrate that the repressor preferentially retains the 78 fragment, and, to a lesser extent, the longer 241 and 392 fragments. This retention cannot be simply a function of the size of the fragments, since the 108 fragment, of intermediate size, is not retained. These experiments also show the retention to be IPTG-sensitive, a characteristic of the wildtype repressor-operator interactions, since the presence of IPTG in the reaction mixture results in the release of otherwise filter-bound fragments. Note that the 67 fragment is not bound by the I12-X86 repressor even though it contains sequence 4, with an operator homology similar to that contained in the 78 fragment. The fact that we have two fragments with similar operator homologies and of similar size, only one of which binds repressor well, makes the detailed characterization of the binding site on the 78 fragment essential. The differences in binding properties could thereby be attributed to a small set of positions (discussion section).
We performed a series of filter-binding experiments to study more accurately the binding of I12-X86 repressor to these fragments. The results of these experiments are shown in figure 3A , where the retention of the radioactively labelled fragments is plotted against repressor concentration in the presence and absence of IPTG. The stronger binding of the I12-X86 repressor to 1 2 (23, 27) . Figure 3B shows the more pronounced IPTG-sensitive binding of the repressor to the 392 fragment in binding buffer containing 160 mM KCL instead of 10 mM KC1 as in figure 3A . The small effect of IPTG on the binding of repressor to the 392 fragment at low ionic strength ( fig. 3A) is thus seen to be a real effect. The equilibirum binding experiments can only give a rough estimate of the dissociation constant of these repressor-DNA interactions, since neither the fraction of repressor active in IPTG-sensitive binding, nor the number of binding sites on these DNA fragments are known. To circumvent these complications in estimating affinity constants we measured the rate of dissociation of these repressor-DNA complexes. Figure 3C shows the dissociation rates of the IPTG sensitive complexes formed between the I12-X86 repressor and the 78 and 241 fragments. Both dissociations give straight lines in the semilogarithmic plot, implying that the dissociation is from a single binding site. The half-lives of the complexes are 8 minutes for the 241 fragment and 14 minutes for the 78 fragment. Since the wildtype repressor-operator complex has a similar half-life of about 15 minutes (K = 10 M), one diss'~1
can estimate the dissociation constant of the I12-X86 repressor interactions with the 241 and 78 fragment to be in the range of Kdis= 10 13M (assuming, that the association rates considering the short fragments used are similar to the one for the wildtyperepressor-operator interactions under these conditions (13, 22, 23) . From the binding data on the fragments we are unable to determine the significance of sequence specificity, since the binding cannot be attributed to a particular site. Is the high-affinity site on the 78 fragment identical to the site containing the operator homology ? The method of choice to answer this question is the footprinting technique which permits the precise determination of the site on the DNA to which a protein binds (7).
A radioactively end-labelled DNA fragment is partially degraded by pancreatic DNaseI in the presence and absence of a DNA binding protein, size fractionated by gel electrophoresis and autoradiographed. The film then reveals a nested set of bands similar to the ones produced by the DNA sequencing reactions (21) . A protein bound to the DNA supresses DNase cutting between the bases it shields and thereby delineates its binding site. Figure 4 shows autoradiographs of gels which reveal the footprint of the I12-X86 repressor on both strands of the 78 fragment. The ionic strength of the binding buffer was raised by increasing the KC1 concentration to 80 mM,in contrast to the experiments shown in figure 3A , to reduce non-specific repressor-DNA interactions which might otherwise obscure the strong repressor binding sites. High concentrations of wildtype or I12-X86 repressor can protect DNA completely against DNaseI cleavage (data not shown).
In figure 5B a diagrammatic presentation of these results points outthat the repressor does interact strongly with the DNA in the predicted region. The homologous sequence itself is protected on both strands by repressor. The protection, however, extends further into the fragment. A comparison with the footprint of wildtype repressor on the operator ( fig. 5A ), which is identical with the footprint of the I12-X86 repressor on operator (28) suggests that the extensive protection pattern is probably not caused by a single repressor tetramer alone. Although we were unable to define precisely the end of the protection on one strand because of a lack of DNaseI cleavage in this region, it is clear that the protection pattern is very similar to the footprint on operator DNA, both with respect to the length of the double-strand protection and the position of the repressor-induced DNase cleavage enhancements, indicated with arrows. The residual protection on the lower strand could be caused by another repressor molecule binding more weakly to this neigh- figure 5C , it would be consistent with the physical extent of the operator protection, as indicated in figure 5A . The two possible positions, indicated in figure 5D , are also consistent with there being direct interactions between the two bound repressor molecules*. The protection data are displayed on a drawing of B-form DNA in figure 6 , together with the protection pattern of wildtype repressor on operator at the same position and orientation as the homologous sequence on the 78 fragment (28) (31, 32, 33) . In light of the results of Wang et al., (30) , who showed that lac repressor slightly unwinds the DNA on binding the operator, we prefer the latter explanation, but the question remains unresolved.
DISCUSSION
In this study we have investigated the interactions of the tight binding I12-X86 repressor with lac I gene DNA of E. coli, in an attempt to elucidate the nature of its binding to non-operator DNA. Filter binding studies using this repressor and six fragments of I gene DNA show that the IPTG-insensitive binding to these fragments is similar (with exception of the 392 fragment, which was bound somewhat tighter, see fig. 3A ). The IPTGsensitive interactions, on the other hand, display a wider spectrum of different affinities, which is independent of the size *Close inspection of figure 4A reveals bands (at positions 869 and 874) outside the protected region that are enhanced in the presence of repressor, with or without IPTG. This is a repeatable observation which is, at the moment, unexplained. It could be caused by an even more weakly binding repressor molecule, or by a long-distance effect of the strongly-binding repressor on the DNA conformation. of a fragment and therefore points to a sequence-dependent interaction, analogous to the wildtype repressor-operator binding ( fig. 3A) . Indeed we could show, using the footprinting technique, that the I12-X86 repressor interacts specifically with a sequence on the 78 nucleotide fragment of I gene DNA in an IPTG-sensitive fashion, protecting both DNA strands in this sequence against DNaseI attack. The preferential binding of the I12-X86 repressor to this DNA sequence had been predicted on the basis of the homologies with the operator sequence found by a computer analysis (table I, sequence 3)+. It is interesting to note that the sequence of the 67 fragment has a similar degree of homology with the operator sequence but is bound very poorly by repressor. The difference between these two sequences could therefore be revealing.
In figure 7 we have diagrammed these sequences and underlined the homologies with the operator. These sequences differ only in a few places. There are only three positions that sequence 3 (in the 78 fragment) has in common with the operator that are missing in sequence 4. These are the three G's marked in figure 7 .
From previous studies that have indicated some of the specific bases involved in repressor-operator interaction, it is known that all three of these G's are in close contact with the repressor (15, 25) , and two of them are implicated in forming bonds with the repressor. It may be significant that in position 14 the difference between sequences 3 and 4, a transition from G:C to A:T, is the very difference between wildtype operator and a known 0c operator (3). It is just possible that a large fraction of the difference in binding constant is due to the difference at position 14.
The apparent binding of a second repressor tetramer next to + In fact, the relevant sequence to be used to determine the homologies in a binding site should probably not be the operator itself but some near-operator sequence that reflects the complete set of possible specific interactions with the repressor in effect, a "super operator" sequence. the one just discussed could be due to the recognition of the operator homologous sequence indicated in figure 5C concomitant with protein-protein interactions between the DNA bound repressors. We were unable to find a repressor concentration that gave protection at only one of the two adjacent sites, up to a salt concentration of 80 mM KC1 in the binding buffer. Note, however, that this situation is distinct from the operator-binding protection where we can detect no adjacent protection on either side of the operator (7, 28) . It is possible, however, that at high enough repressor concentration a tandem binding mode could be seen even for operator containing DNA. Although we consider them unlikely, it is worth taking note of several other possible explanations for our observation of the protection pattern. First of all, it is possible that there are more than two repressor tetramers involved in the protection, binding in any of several configurations. Secondly, it cannot be ruled out that the binding of the repressor to the principal site induces a peculiar conformation change in the DNA, that is effective in reducing the DNase-susceptability of the DNA even at a distance of more than 20 base-pairs (see ref. 32) .
Our finding that at high repressor concentration (for both wildtype and I12-X86) non operator DNA is protected completely from DNase attack, is in agreement with the results of Zingsheim et al., (34) , who showed, by electron-microscopy, complete covering of non-operator DNA by wildtype repressor.
When the ionic strength of the environment is increased, the weaker binding of the I12-X86 repressor to non-operator DNA is preferentially inhibited thereby enhancing the relative effect of the stronger, more specific interactions. These interactions, like the one visualized by footprinting on the 78 fragment, may imitate the specific recognition of the operator by repressor. The binding of repressor to non-operator DNA then is never completely non-specific, though these terms are sometimes used interchangeably. The binding probably consists of a wide spectrum of interactions, including non-specific electrostatic interactions between positively charged groups on the repressor and negatively charged phosphate groups of the DNA, interactions with the bases in the DNA 
